The interference effects are studied and compared with for data sets from TEXONO, GEMMA, BOREXINO, LSND as well as CHARM II experiments. Our results provide more stringent bounds to some regions of parameter space.
I. INTRODUCTION
The recent discovery of the Standard Model (SM) long-sought Higgs at the Large Hadron Collider is the last missing piece of the SM which is strengthened its success even further. Of course this does not change the fact that there are the issues of neutrino mass, the presence of dark matter etc. and thus the SM is an effective theory whose range of validity has to be tested in either direction from the weak scale. While the scale of new physics sets up one boundary at the higher end, the mass scale of the neutrinos could be considered one of the fundamental scales in physics at the lower tail around which the SM's validity should also be questioned. For instance neutrino nucleus coherent scattering has not been observed yet [1] , which will test the SM at very low energies.
In the quest for new physics, the limitations of SM can be tested through high-energy frontiers as well as through intensity frontier with high-precision experiments which is considered to be complementary to the direct searches at high energies. There are numerous experimental results such as, the anomalous magnetic moment of the muon [2, 3] , smallness of electric dipole moment of neutron [2, 4] , electric charge radius puzzle of proton [5] , the positron excess in cosmic rays without anti-proton abundance (first seen by ATIC experiment [6] and later confirmed by PAMELA [7] and FERMI [8] satellite experiments) as well as INTEGRAL satellite experiment observation of a very bright 511keV line [9] together with other puzzling results coming out of DAMA/LIBRA [10] and EGRET [11] collaborations and also recent AMS-02 experiment announcement about the positron excess even with a sharper rise up to 300 GeV energies [12] , none of which can be explained within the SM.
Hence, new physics scenarios beyond the SM are needed. Even though finding a way out to one or two of these is a step, the real ambitious challenge is to find a framework where all or at least most of all of these puzzling inconsistencies find themselves a remedy without violating any of the existing data.
As a remedy to some of these issues, we will consider a hidden sector scenario where the existence of a dark photon may alter significantly the neutrino-electron scattering data or at least its gauge coupling and mass could be constrained with the use of the data. There are various neutrino-electron scattering experiments which are mainly TEXONO [13] [14] [15] , BOREXINO [16] , GEMMA [17] as well as LSND [18] and CHARM II [19] . A light dark photon could be searched using these data.
The paper is organized as follow. In section II, the idea of hidden sector and some details of the considered model will be described. In section III, the details of neutrino electron scattering in Standard Model as well as the U (1) B−L dark photon scenario will be given. Pure dark photon as well as interference contributions to the differential cross sections of various neutrino electron scattering processes are presented. In section IV, our results are compared with the existing results in literature. Especially, the interference effects are discussed in detail and its importance for some cases is stressed. Section V contains our conclusions.
II. HIDDEN SECTOR AS A BEYOND THE STANDARD MODEL SCENARIO
The idea of existence of a so-called hidden sector interacting with the SM through various portals (more on portals is below) is one of such extensions of the SM aiming to explain some of the above issues. With a single particle from the hidden sector being singlet under SM gauge group, there is no way to couple with the visible part other than its gravitational effects which will be suppressed by the Planck scale, putting them out of reach of any current experimental search (it should then be called truly hidden sector). So for testable scenarios, more than one hidden sector fields should play a role in portal.
One may consider couplings of the form
SM where O HS (O SM ) are some hidden (SM) sector operator and if the sum of the dimensions of the operators is l + m = 4, there will be no suppression due to high cutoff scale. Such SM operators at the lowest order are known as portals like vector portal, Higgs portal, neutrino portal, axion portal, etc.
Among many possible portals mentioned above, the so-called vector portal assumes a hidden sector vector boson coupled to the SM gauge boson(s) through a kinetic mixing which could be generated through one-loop by exchange of a heavy messengers having nonzero charges under both SM and hidden sector gauge groups. There are alternatives one can consider for the gauge group from the hidden sector but the simplest choice would be an abelian symmetry as extra U (1), dubbed as U (1) , which is well motivated from both the top-down (grand unification, string theory etc) and bottom-up (dark matter and other issues mentioned above) approaches in extending the SM to tackle with the puzzles at hand.
With a U (1) hidden sector gauge symmetry, it mixes with the corresponding SM U (1) Y in the same representation through a renormalizable operator by a kinetic-term mixing mechanism (this is a way to avoid otherwise strong theoretical and experimental constraints due to this new interaction). The hidden sector gauge field of U (1) is called hidden or dark photon. The mixing parameter is constrained by the scale of the messenger fields.
Further suppression occurs when the SM gauge group is embedded into a bigger grand unified picture in the top-bottom approach where the leading contributions would be two-loop. In the bottom-up approach breaking the U (1) symmetry at very light scales is not very unusual since it seems that neutrino mass differences indicate existence of another fundamental scale in that regime. A non-zero but tiny mass needs to be considered to the new U (1) gauge field since zero mass case is inconsistent with the current observations if the dark photon is further assumed to be a dark matter candidate.
Even though the idea of very light vector bosons from the hidden sector in the form of a dark photon, is not new [20, 21] , their effects on various SM processes at low energies in intensity frontiers has recently received great attention, which might be partly due to lack of any new physics signal at Large Hadron collider.
The allowed interactions of dark photon with the SM particles depend on the theoretical framework. There are two main approaches the way to couple dark photon sector with the SM. One common practice is to make the dark photon mix with the photon through a kinetic mixing so that, like the SM photon, its coupling only with the charged fermions would be induced. The mass of dark photon and a kinetic mixing parameter are the only additional ingredients of the model. Note that even though the new gauge coupling constant is involved in the definition of the kinetic mixing parameter through one-loop diagram, it does not affect directly the dark photon coupling to the SM particles.
Another way to connect dark photon sector with the SM is through a U (1) gauging, like U (1) B−L , where the dark photon as the gauge field of the group interacts with any SM particle with non-zero B − L number at tree level. Here the new gauge coupling constant and the dark photon mass are the free parameters by ignoring the kinetic mixing. Even though considering these one-at-a-time basis is mostly adopted in order to have a better predictability power, there is no prior reason not to allow both at the same time. Our aim is to bound the coupling constant g B−L directly rather than translating the bound on .
Let us consider the Lagrangian including both the kinetic mixing with the hypercharge
where B µ and A µ are the gauge fields of U (1) Y and U (1) B−L groups, respectively and the currents are defined as
The kinetic mixing can be eliminated by rotating the fields from (B µ , A µ ) to (B µ , A µ ) as given first order in , B µ B µ + A µ , A µ A µ , and we get
where M A M A and ≡ cos θ W . The original kinetic mixing term in Eqn.
(1) turns into the last term in Eqn. (2) which represents interaction of dark photon with charged matter field with coupling e . Since without the B − L gauging the dark photon does not couple with the neutrinos at tree level, we prefer to consider B − L and set the kinetic mixing zero.
We will focus on the searching of dark photons with neutrino experiments which has the advantage of being purely leptonic process.
III. NEUTRINO-ELECTRON SCATTERING A. Standard Model Expressions
Neutrino interactions are purely leptonic processes with robust SM predictions. Hence searching physics beyond the SM in neutrino electron scattering turns out to be good alternative to collider searches. In the SM, the ν e − e scattering takes place via both charged and neutral currents. However the ν α e − scattering in which α corresponds to µ or τ occurs only due to neutral current. (See Fig. 1 for the relevant diagrams.)
The differential cross-section in lab frame of the electron in Standard Model can be written as
where G F is the Fermi coupling constant, T is the recoil energy of the electron, E ν is the energy of the incoming neutrino and m e is the mass of the electron. The differential cross sections differ depending on the neutrino flavour, i.e depending on parameters a and b. The values of a and b are given in Table I . The maximum recoil energy of the electron depends on the mass of the electron as well as incoming neutrino energy as
which also means that minimum neutrino energy required to give the electron a recoil energy
T is
Any deviation of the recoil energy spectra of electron from what the SM predicts could be taken as a smoking gun for new physics. Our earlier works include studies of non-standard interaction parameters as well as unparticle and non-commutative physics [22, 23] . The dark photon contributions as well as its interference effects with the Standard Model are explored in the next section. 
B. Very Light Vector Boson Contributions
Now let us calculate the contributions of the new light vector boson to the neutrino electron scattering processes. But first few comments are in order. The general form of the renormalizable Lagrangian given in Eqn. (2) where the dark and conventional photons can be mixed via kinetic term as mentioned earlier. Analyses of the current experimental results lead to the maximum value of the mixing parameter of the order 10 −2 [24] . This mixing has been extensively studied in the literature (see [24] [25] [26] and references therein). B − L gauged U (1) hidden sector scenario will also have a gauge coupling g B−L as a free parameter in addition to its mass m A and .
As mentioned in the previous section, even though one can consider all three parameters (M A , , g B−L ) to do a fit to the data, in the present work, we will focus on a model with only two free parameters M A and g B−L and ignore the effect of kinetic mixing. Such analysis has not been done for experiments like TEXONO, LSND, or CHARM II. For the BOREXINO and GEMMA, there is a study [27] without considering the interference effects. There are other studies using a broken [28] and unbroken [29] U (1) B−L scenarios to discuss neutrinoelectron scattering.
Let us mention what is new in this study. First of all, the importance of interference effects which is overlooked in the literature is discussed. Our results show that interference effects are not always negligible and can enhance the results as large as one order for some cases. Second, we obtained bounds on g B−L without relating it through the bound on the kinetic mixing parameter . For this purpose parameter is not considered at all. Third, the analyses for the TEXONO, LSND and CHARM II data have been done for the first time, and we repeat analyses for GEMMA and BOREXINO and found out that, unlike GEMMA case, the bound on g B−L gets better for the BOREXINO when the interference effects are included.
After this preliminary remarks, let calculate contributions of light dark photon to the neutrino electron scattering processes. (See Fig. 2 ) Note that the diagrams Fig. 2b and 2c would exist only when there is a kinetic mixing between the dark photon and the SM neutral gauge bosons. Thus, such contributions are ignored.
The pure contribution of this new diagram to the neutrino electron scattering is calculated and the differential cross section is obtained as
where the cross section is neutrino flavor blind 1 . For concreteness it is assumed that A has pure vector couplings of the formf γ µ f A µ . For deriving the cross section formula, neutrinos are assumed to be massless. One of the key point in this study is to calculate and discuss the effect of interference. Our analysis has shown that the interference of this gauged B-L model with the SM can not be neglected for at least partly and should have been taken into account as opposed to the Ref. [27] . We discuss the criteria when the interference effects become sizable.
By using the diagrams given in Fig. 1 and 2a , the interference differential cross section for each neutrino channel are obtained as
where the parameter β is defined as
The index α in ν α is either µ or τ and they are different from the electron neutrino case since only Z boson exchange diagram contributes in the former case while both Z and W bosons exchange diagrams contribute in the latter. A detailed analysis of the interference effects will be given in the next section.
IV. EXPERIMENTAL CONSTRAINTS A. Neutrino-Electron Scattering Experiments
Neutrino scattering experiments are good place for searching light dark photon. As seen from Eqn. (5), for the low mass region of M A and for lower recoil energies of the electron, energetic neutrino source will also be effected. This motivates to search for the dark photon effects in the neutrino sector by using the LSND and CHARM II experiments which measured the sin 2 θ W with the process ν e and ν µ (ν µ ) scattering respectively.
A brief summary of the experiments listed in Table II Three different data sets of TEXONO, each of which are used for different purposes, have been analyzed. Let us summarize them below. ON-hours and 3000 OFF-hours of data are used.
Having shortly mentioned the experiments, let us summarize the procedure used in the analysis. The contribution of the dark photon to the electron recoil spectra is calculated as
where ρ e is electron number density per kg of the target mass, t is data taking period and dΦ/dE ν corresponds to neutrino spectrum. For various M A values, a minimum χ 2 fit is applied to find the 90% CL limits for the coupling constant g B−L by defining it in the following form
where R SM (i) and R DP (i) are the expected event rate on the i th data bin due to SM and DP contributions, respectively, and ∆ Stat (i) is the corresponding uncertainty in the measurement. Fig. 4 . Otherwise, when the ranges of new physics effects are large compared to SM, the interference term can in general be neglected.
T (MeV)
The interference effects between SM and new physics due to dark photons can be both constructive or destructive. As seen from Fig. 4 , the interference is destructive only in the ν µ electron scattering case of the CHARM II experiment. In all other cases, the interference is constructive so that more stringent bounds can be derived. The behavior of CHARM II result can be seen from Eqn. (9) where the differential cross sections take the following
with sin 2 θ W 1/4. In general, T /2 < E ν min such that the interference terms are always positive (constructive) or negative (destructive) forν α (ν α ), respectively. A similar analysis can be done for the ν e andν e scatterings, where the interference is constructive.
C. Results
With interference effects properly accounted for, the exclusion limits in the
plane including all relevant neutrino-electron scattering experiments are shown in Fig. 5 .
The BOREXINO results [27] with interference are included, provided better bounds by about 30%. It was verified that switching off the interference term would reproduce those of Ref. [27] . Ref. [27] with recent data. The robust bounds are shown with dark color shading, while those involving assumptions, considered less robust, are with lighter transparent shading.
The basic methods in these different categories of experiments are summarized in Table III. Few comments on the recent data in Fig. 6 in the right hand side for experiments involving A decaying to fermions.
The excluded regions labeled as "Sun" and "Globular Clusters" are originally presented in Refs. [31, 32] . Recently, it has been shown in Ref. [33] 2 that emission of the forgotten longitudinal modes of the dark photon change the stellar constraints drastically in especially small M A region. Consequently, the region excluded by the so-called light-shinning-throughwall (LSW) experiments falls under the tails of the excluded regions from the stellar bounds [33] .
Exclusions from the recent BaBar data [34] , marked "B-Fac" in GeV and 10 −2 GeV M A 1 GeV over currently published results. However, the sharp cutoff at 2m e for "Fixed Target" experiments is based on the channel A → e + e − . The gap at M A 10 −3 GeV is expected to be probed when invisible channels like A → 2ν in the case of B − L dark photon would be taken into account.
V. CONCLUSIONS
A very light dark photon from hidden sector through a vector portal could couple to some SM particles which might give a signal via neutrino electron scattering experiments if, especially, the dark photon is the gauge field of a U (1) group gauged with B − L symmetry.
Indeed this will allow a direct coupling with neutrinos, which modifies the electroweak contribution with a presumed negligible interference. The new interactions due to existence of A boson whose couplings do not contain derivatives lead to differential cross section being Energy loss due to dark photons in Globular Clusters. [31] [32] [33] 45] proportional to 1/T 2 which makes low energy neutrino experiments sensitive to dark photon search in the low mass region. Hence low energy neutrino experiments like TEXONO which aims to measure neutrino nucleus coherent scattering as well as neutrino magnetic moment has advantage to search new gauged boson, located much below the electroweak scale. 
